We present a simple method for directly measuring the average dwell time of spin-polarized Rb atoms on coated Pyrex glass surfaces. The method relies on the light shift of the Zeeman resonances of spinpolarized Rb atoms pumped and probed by evanescent waves, and does not depend on the microscopic details of surface interactions. We use a cell whose length is adjustable between 70 and 500 m. The inverse of the difference between the frequency shifts caused by þ and À pump beams depends linearly on the cell length, from which we obtain the average dwell time s . For a Pyrex glass cell coated with octadecyltrichlorosilane we find that s ¼ 0:53 AE 0:03 s at a cell wall temperature of 103 C. One of the most important characteristics of surface interactions is the average time of interaction between a spin-polarized atom and the surface. Two time scales are of interest: the coherent surface interaction time c and the average dwell time s that a polarized atom stays on the surface without its spin being relaxed. One deduces the coherent surface interaction time c by studying the wall relaxation rate or magnetic decoupling [4, [7] [8] [9] [10] . But, to our knowledge, the only direct measurement of the average dwell time s for unpolarized Cs atoms on hydrocarboncoated Pyrex glass surfaces was by Stephens et al., and that study only yielded an upper limit (<35 s) [4] .
We present a simple method for directly measuring the average dwell time of spin-polarized Rb atoms on coated Pyrex glass surfaces. The method relies on the light shift of the Zeeman resonances of spinpolarized Rb atoms pumped and probed by evanescent waves, and does not depend on the microscopic details of surface interactions. We use a cell whose length is adjustable between 70 and 500 m. The inverse of the difference between the frequency shifts caused by þ and À pump beams depends linearly on the cell length, from which we obtain the average dwell time s . For a Pyrex glass cell coated with octadecyltrichlorosilane we find that s ¼ 0:53 AE 0:03 s at a cell wall temperature of 103 C. Interaction with surrounding surfaces is one of the main relaxation mechanisms for spin-polarized atoms, and is of great interest in fields as diverse as magnetic resonance imaging using hyperpolarized noble gas atoms [1] , fundamental symmetry studies [2] , high resolution nuclear magnetic resonance spectroscopy [3] , laser cooling and trapping of radioactive atoms [4] , frequency standards [5] , and magnetometry [6] .
One of the most important characteristics of surface interactions is the average time of interaction between a spin-polarized atom and the surface. Two time scales are of interest: the coherent surface interaction time c and the average dwell time s that a polarized atom stays on the surface without its spin being relaxed. One deduces the coherent surface interaction time c by studying the wall relaxation rate or magnetic decoupling [4, [7] [8] [9] [10] . But, to our knowledge, the only direct measurement of the average dwell time s for unpolarized Cs atoms on hydrocarboncoated Pyrex glass surfaces was by Stephens et al., and that study only yielded an upper limit (<35 s) [4] .
We present here a method for directly measuring the average dwell time s of spin-polarized 87 Rb atoms on Pyrex glass surfaces coated with octadecyltrichlorosilane (OTS). The Rb atoms are optically pumped and probed in the vicinity ($10 À4 cm) of cell surfaces by evanescent waves. The Larmor frequency of a Rb atom is shifted (light shift) while it is in the evanescent pump beam, and the observed Larmor frequency depends on the fraction of time a Rb atom spends in the evanescent pump beam, which in turn depends on its dwell time s on the surface. We measure the Larmor frequencies using þ and À evanescent pump beams for a number of different cell lengths. We show that the inverse of the difference of these Larmor frequencies depends linearly on the cell length, from which one obtains the dwell time s of Rb atoms. The method does not depend on the microscopic details of surface interactions, and owes its sensitivity to the use of thin cells of variable length in which the average time a Rb atom spends on the surface is comparable to the time it spends in the bulk. The dwell time thus obtained does not depend on the laser intensity, the penetration depth of the evanescent pump and probe beams, nor on the buffer gas or Rb densities. It does, however, depend on the temperature of the cell wall. The direct measurement of s for different wall temperatures determines not only the activation energy E a , but for the first time also the preexponential factor.
The experimental setup is similar to that in Ref. [11] and is schematically shown in Fig. 1 . We use cylindrical Pyrex glass cells that contain isotopically enriched Rb (98:3 at: % 87 Rb) and various pressures of N 2 buffer gas. All pressures refer to 25 C. The diameter of the cylindrical cells is 25 mm and their length L is adjustable [12] , varying between 70 and 500 m (see inset of Fig. 1 ). This is achieved by placing a prism inside the cell and adjusting the position of the prism by gently tapping the stage on which the cell is mounted. Cells with variable length were also used to study the effect of surface relaxation for a miniature atomic clock [13] . The cell length is measured by retroreflection [14] , with an accuracy of 10 m. Following the procedure in Ref. [15] , the prism and the inner cell walls are simultaneously coated with OTS. The coating most likely consists of mutilayers [16] . Experiments are performed inside two layers of magnetic shielding. Three sets of Helmholtz coils inside the shielding null the residual field and provide a homogeneous magnetic field along the positive x direction.
Two circularly polarized laser beams, A and B, from single-mode diode lasers operated in the free-running mode are used to probe and pump the Rb vapor. The diameter at half intensity is 1.0 mm for beam A and 4.0 mm for beam B unless stated otherwise. The linewidth of the laser beams is 45 MHz. The pump (B) and probe (A) beams have the same polarization, which can be changed between À and þ by rotating a quarter-wave plate through which both beams pass. The probe beam A is tuned to the F ¼ 2 ! F 0 ¼ 1, 2 transitions and the pump beam B to the F ¼ 1 ! F 0 ¼ 1, 2 transitions of the 87 Rb D1 line. The Zeeman polarization is produced in the F ¼ 2 hyperfine multiplet mainly by the pump beam through repopulation pumping. The signal is contributed by the Zeeman transitions in the F ¼ 2 multiplet, the frequencies of which are shifted by the pump beam through virtual transitions [17] [18] [19] . Since the light shift depends on the detuning of the pump beam, we use a spectrum analyzer to monitor the frequency of the pump beam to make sure that it does not change by more than 20 MHz during an experimental run. The light shift due to the much weaker ($ 0:5 mW=cm 2 ) evanescent probe beam A was not observable. The two beams are incident at the same spot on the front cell surface at angles larger than the critical angle. They undergo total internal reflection at the interface of the cell surface and the Rb vapor. The penetration depths of beams A and B are 0:7 and 2:0 m, respectively. The evanescent waves of the two beams propagate parallel to the x axis. A radio frequency (rf) field 2B 1 cosð!tÞ along the y axis is generated by a pair of coils. To use a phase sensitive detection method, the rf field is amplitude modulated by a square wave at =2 ¼ 200 Hz. The intensity of the totally reflected beam A is monitored by a silicon photodiode, whose output is fed into a lock-in amplifier. A magnetic resonance line is obtained by scanning the radio frequency across the Larmor frequencies of 87 Rb atoms [11] . The observed Larmor frequency is the time-weighted average of the Larmor frequencies of a Rb atom, and is shifted from the bulk Larmor frequency by the amount
Here b is the average time a Rb atom spends in the bulk between two consecutive wall collisions. In the numerator, s and ðAEÞ e are, respectively, the average coherent phase accumulation of a Rb atom inside the coating and in the AE evanescent pump beam. Equation (1) is valid if a sufficiently large number of wall collisions occur within the time interval in which the phase of the Larmor precession of a Rb atom accumulates coherently. Timeweighted averages were previously used to estimate the frequency shift of hyperfine transitions of Rb and Cs atoms due to wall collisions [20, 21] 
Also note that due to the use of evanescent pump beam, the light induced phase shift 
Thus if we plot ffiffiffiffiffiffiffiffiffiffiffi ffi 3=2 p L= v against 1=, the intercept is equal to the negative of the average dwell time s , and the slope is the difference between the average phase shifts of a 
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Rb atom due to À and þ evanescent pump beams, respectively. Shown in Fig. 2 are two representative measured magnetic resonance curves corresponding to þ and À pump and probe beams for a cell length of 80 m. In Fig. 3 the cell length L is shown as a function of 1= for different pump beam intensities and sizes. Open symbols correspond to the same pump beam diameter (1.0 mm), but different intensities. Filled symbols correspond to a pump beam diameter of 4.0 mm. All three sets of data are well fitted by straight lines, and within experimental uncertainties they all have the same intercept, corresponding to a dwell time of 0:53 AE 0:03 s at a cell temperature of 103 C. The slope can be estimated using Eq. (3). Because of fringe effects, the estimation of the phase shift ðAEÞ e is more reliable when the pump beam size is much larger than the cell length. We will therefore estimate the slope only for the data corresponding to a beam diameter of 4 mm. The incident pump beam is circularly polarized with an intensity of 0:089 W=cm 2 and an incidence angle of 0.1 larger than the critical angle, corresponding to a penetration depth d ¼ 2 m. Since the incidence angle is very close to the critical angle, the photon spin vector s for the evanescent pump beam is approximately along the x axis, where s ¼ ie Â e Ã , e being the polarization vector of the evanescent pump beam. The evanescent pump beam is thus elliptically polarized with amplitudes E z ðz ¼ 0Þ ¼ 2:9E p and E y ðz ¼ 0Þ ¼ 2:0E s at the interface between Pyrex glass (n ¼ 1:454) and Rb vapor, where E z and E y refer to the z and y components of the E field of the evanescent wave, and E p and E s are the p and s components of the E field of the incident pump beam [22] . Its intensity at the interface (z ¼ 0) is therefore I e ð0Þ ¼ 0:56 W=cm 2 , and the magnitude of its photon spin vector is s ¼ 0:94. The intensity of the evanescent pump beam decays exponentially with distance from the interface: I e ðzÞ ¼ I e ð0Þ expðÀ2z=dÞ. The frequency shift is mainly due to the Zeeman light shift, with a small contribution ($6%) from the tensor light shift [19] . The latter will be neglected in the following rough estimate. The Zeeman light shift can be considered as being due to an effective Hamiltonian À Á B, where is the magnetic moment of 87 Rb, and B is the effective magnetic field, which depends on the frequency detuning, intensity, and polarization of the pump beam. In the present experiment we have BðzÞ ¼ bsI e ð0Þ expðÀ2z=dÞ, where b ¼ 0:09 G cm 2 =W is the effective field due to an evanescent D1 pump beam of unit intensity (watt=cm 2 ) tuned to the
The calculation of b is based on the semiclassical theory of Ref. [19] . The line broadening used in calculating the effective field is mainly due to Doppler and buffer gas collisional broadenings. The transit time broadening for the evanescent pump beam is $30 MHz [23] . Thus the frequency shift due to the evanescent pump beam is ! e ðzÞ ¼ BðzÞ, where =2 ¼ 700 kHz=G is the gyromagnetic ratio of 87 Rb atoms. Since the effective fields for þ and À pump beams have equal magnitude but opposite directions [19] , the average phase shift C while the cell body temperature is varied. The parameters 0 and E a are estimated using maximum likelihood method with a constant uncertainty associated with each data point. The uncertainty in the parameters corresponds to an increase of 2 by a factor of 2 or a decrease by a factor of e in the likelihood function [29] . In agreement with semiclassical predictions [19] , we also observed that is negative when the pump beam frequency is tuned to the F ¼ 2 ! F 0 ¼ 2, 3 transitions of the D2 line. For the same pump beam diameter (open symbols in Fig. 3 ) the slope is proportional to the pump beam intensity. These observations unambiguously confirm that the observed frequency shift is due to the light shift of the pump beam. As expected, dwell times measured in 150, 17, and 10 mG holding fields were found to be the same within experimental uncertainties.
We also measured the temperature dependence of s (Fig. 4) between 93 and 136 C. Assuming that the temperature dependence is of the form s ¼ 0 e E a =kT , the best fit of our data using maximum likelihood method yields 0 ¼ 2:2 þ5:1 À1:4 ns and activation energy E a ¼ 0:19 AE 0:03 eV, which we interpret as the average potential barrier between different sites inside the OTS coating. The values for E a reported in the literature for Rb atoms on hydrocarbon-coated Pyrex glass surfaces range from 0.06 to 0.4 eV [4, 7, 16, 24] . Note that unless great care is taken, the Rb vapor density can increase with the cell temperature. It is well known that alkali-metal atoms diffuse into the coatings [25] . As the cell temperature increases, the alkali-metal atoms can be released from the coatings. An increase in gaseous Rb density increases the relaxation rate and the hyperfine frequency shift through spin exchange collisions [5, 26] , offsetting to some degree the decrease in the relaxation rate and hyperfine frequency shift due to surface interactions. The activation energy E a might thus be underestimated in experiments that measure the temperature dependence of the relaxation rate or hyperfine frequency shift. By contrast, an increase in the gaseous Rb density does not affect our measurement of s . Note that since our experiment measures s directly, we can determine the preexponential factor 0 . The value 0 is almost 3 orders of magnitude larger than the vibration period 0 $ 10 À12 s, commonly used for the preexponential factor. A possible interpretation of this large preexponential factor is to assume that a polarized Rb atom on average visits N ¼ 0 = 0 $ 10 3 sites inside the coating before exiting without being relaxed. Similar behavior, i.e., long trapping time, has been reported for 129 Xe on Surfasil-coated glass surfaces [8] . Assuming that the surface interactions at different sites have comparable strengths and correlation times but are not coherent [7] , we have ffiffiffiffi N p 0 $ , where is the spin relaxation probability per surface collision and 0 that at a single site in the coating. The coating procedure described in Ref. [15] typically yields $ 10 À3 [12, 27] , which implies 0 $ 3 Â 10 À5 , i.e., the Rb spin relaxation probability at a single site is exceedingly small. This information could be useful in developing optimal antirelaxation coatings.
The dwell times we report here using the light shift method agree with those reported earlier using the edge enhancement effect [28] . The advantage of the method using the light shift is that it does not depend on detailed modeling of surface interactions and diffusion processes.
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